Multi-fibre microcomposites were used to study the influence of fibre/matrix adhesion on the fracture process of composites in uniaxial tension. In addition to in-situ microscopic observations, results were quantitatively described using an interaction criterion. In the case of surface treated carbon fibres, fibre-fibre interaction or so-called coordinated fibre failure takes place at inter-fibre spacings of less than nine fibre diameters. Moreover, it was found that the level of fibre surface treatment, i.e, the amount of debonding, significantly influences the amount of fibre-fibre interaction.
Introduction
Failure in composite materials is a sequence of events of which each event affects the stress state in the material. Such a failure process proceeds until a critical condition is reached, resulting in global failure. The influence of the interaction between fibre and matrix is generally accepted as a predominant parameter in controlling micromechanical failure processes in composite materials and consequently global mechanical properties such as strength and durability. Even in the case of longitudinal loading conditions, where strength is generally fibre-controlled, macroscopic experiments on unidirectional carbon/epoxy laminates showed significant and in some cases contradictory effects of fibre/matrix adhesion on the longitudinal composite strength [1, 2] . For example, for a similar carbon fibre as used in this study Ivens et al. [2] reported a maximum longitudinal strength at intermediate fibre treatment levels. All these macroscopic effects originate from microfeatures such as the statistical distribution of fibre strength, debonding, stress-concentrations in neighbouring fibres after an initial fibre break and the interaction between fibre and matrix cracks. The objective of this study was to reveal the influence of fibre/matrix adhesion on a number of these microphenomena, using microcomposites consisting of a number of single fibres accurately positioned into an epoxy matrix. This paper focuses on the influence of adhesion on fibre-fibre interaction, i.e. failure due to stress-concentrations resulting from an adjacent fibre break.
Experimental
In this study, unsized intermediate modulus carbon fibres (Courtaulds, Apollo IM43-750) of three different oxidative surface treatment levels were used: (i) standard treated fibres, which received the commercial fibre treatment (100%), (ii) untreated fibres (0%) and (iii) an intermediate treated fibre (10%). For every microcomposite, five fibres were positioned parallel at a predefined inter-fibre spacing using a technique similar to the one described by Wagner and Steenbakkers [3] . The interfibre spacing was varied from 3 to 20 fibre diameters, i.e, 15 to 100 J,£m. To exclude the influence of differences in fibre pre-tension on the failure process, each fibre was supplied with a load of 150 mg. After adjusting the inter-fibre spacing, the fibres were fixed in the cavity of a dogbone-shaped silicone mould with fast-setting epoxy cement.
Subsequently, pre-heated and degassed epoxy resin was carefully injected into the mould. The resin consisted of a common diglycidyl ether of Bisphenol-A epoxy (Ciba Geigy, LY556) and a stoichiometric amount of poly(oxy-propylene)triamine curing agent (Texaco, Jeffamine T-403). The samples were cured at room temperature for 24 hours and post-cured at 75°C for 16 hours. Multi-fibre fragmentation tests were performed using a hand-driven mini tensile tester, equipped with a polarized-light microscope. This enabled us to determine in-situ the saturation stage of the fragmentation process, which is essential for a quantitative analyses. After testing, the positions of the fibre breaks were registered.
Results and Discussion
In Fig. 1 polarized-light micrographs are presented of the stress patterns after complete saturation of the failure process for the 100% surface treated fibres. Fragment distributions are shown for an inter-fibre spacing of 20 and 3 fibre diameters. Randomly distributed fibre fragments are observed at an inter-fibre spacing of 20 fibre diameters, whereas in the case of an inter-fibre distance of 3 fibre diameters, a more or less band-like distribution of fibre breaks is observed, indicating fibre-fibre interaction or so-called coordinated failure. A quantitative analysis of the distribution of breaks was made by registering all the break positions, followed by grouping the breaks by taking a certain inter-fibre break distance criterion. As an interaction criterion, we took 15% of the critical length of each individual sample. Finite element analysis showed that this length approximately equals the length over which the stress magnification effect, as a result of an initial fibre break, occurs in the neighbouring fibres [4] . The results of such a quantitative analysis are presented in Fig. 2 . Up to three samples were tested for each inter-fibre distance. It is clearly shown that in the case of an inter-fibre spacing of 3 fibre diameters, most fibre breaks are highly coordinated, i.e. 60% percent of all the fibre breaks are coordinated with the maximum of five breaks. At increasing inter-fibre distance fibre-fibre interaction diminishes and the failure pattern becomes more random. The transition from random failure to coordinated failure occurs at an interfibre spacing of approximately nine fibre diameters and is similar to observations reported by Jones and DiBenedetto for carbon/epoxy [5] . In Fig. 3 polarized-light micrographs are shown for the untreated (0%) and the 10% treated fibres after complete saturation of the failure process and an inter-fibre spacing of three fibre diameters. Even for an inter-fibre distance of three fibre diameters, no coordinated fibre fracture was observed for the untreated carbon fibre microcomposite, i.e. random failure occurs, whereas, after a surface treatment of only 10% already some fibre-fibre interaction occurs. In comparison with the previously shown 100% treated fibres, extensive debonding occurs in the case of untreated fibres. The 10% treated fibre is also found to give fibre/matrix debonding, however, substantially less than in the case of untreated fibres. Previous fragmentation studies on single-fibre microcomposites already revealed a strong influence of carbon fibre surface treatment on the debonded length and reported a dramatic reduction of critical length even after relatively mild surface treatments [6, 7] . These observations are visualized in a more quantitative way in Fig. 4 , in which a coordination plot for an inter-fibre distance of three fibre diameters is given for the three surface treatment levels investigated. It clearly shows that the level of surface treatment significantly influences the level of coordinated fibre failure, i.e, the higher the surface treatment level, the higher the level of fibre-fibre interaction. Obviously, this can be explained by the amount of debonding taking place. According to finite element calculations [4, 8] , an increase in debonded length results in a decrease of the maximum stress concentration in the neighbouring fibres, thus decreasing the probability of coordinated fibre failure. 
Conclusions
In-situ observations of the fragmentation process in multi-fibre microcomposites showed that in the case of good fibre/matrix adhesion, i.e. negligible debonding, fibrefibre interaction or so-called coordinated fibre failure takes place at inter-fibre spacings of less than nine fibre diameters. At larger spacings random failure occurs. These observations are quantified using a coordination criterion of 15% of the critical length. It was also found that the level of fibre surface treatment, i.e. the amount of debonding, significantly influences the level of coordinated failure. Untreated fibres display extensive debonding, resulting in a random failure pattern even for inter-fibre distances of three fibre diameters. In the case of a surface treatment of only 10% of the commercial treatment already some coordinated failure is observed as a result of a significant reduction of the debonded length compared to untreated fibres.
